Purpose Methyl bromide is a genotoxic soil fumigant with high acute toxicity, but unknown human carcinogenicity. Although many countries have reduced methyl bromide use because of its ozone depleting properties, some uses remain in the United States and other countries, warranting further investigation of human health effects. Methods We used Poisson regression to calculate rate ratios (RR) and 95 % confidence intervals (CI) for associations between methyl bromide use and all cancers combined, as well as 12 specific sites, among 53,588 Agricultural Health Study pesticide applicators with follow-up from 1993 to 2007. We also evaluated interactions with a family history for four common cancers (prostate, lung, colon, and lymphohematopoietic). We categorized methyl bromide exposure based on lifetime days applied weighted by an intensity score. Results A total of 7,814 applicators (14.6 %) used methyl bromide, predominantly before enrollment. Based on 15 exposed cases, stomach cancer risk increased monotonically with increasing methyl bromide use (RR = 1.42; 95 % CI, 0.51-3.95 and RR = 3.13; 95 % CI, 1.25-7.80 for low and high use compared with no use; p trend = 0.02). No other sites displayed a significant monotonic pattern. Although we previously observed an association with prostate cancer (follow-up through 1999), the association did not persist with longer follow-up. We observed a nonsignificant elevated risk of prostate cancer with methyl bromide use among those with a family history of prostate cancer, but the interaction with a family history did not achieve statistical significance. Conclusions Our results provide little evidence of methyl bromide associations with cancer risk for most sites examined; however, we observed a significant exposure-dependent increase in stomach cancer risk. Small numbers of exposed cases and declining methyl bromide use might have influenced our findings. Further study is needed in more recently exposed populations to expand on these results.
Introduction
Methyl bromide, also known as bromomethane, is most commonly used in the United States as a soil fumigant for crops such as tomatoes and strawberries to control various pests. Other uses include application as a post-harvest pesticide for agricultural commodities and as a treatment for imported commodities [1] . Historically, methyl bromide was also used in structural fumigation and as a methylating agent in organic synthesis [2] . Although methyl bromide use in the United States declined from 1993 to 2005 due to a US EPA phaseout in accordance with the Montreal Protocol and Clean Air Act because of its ozone depleting properties, some use remains in the United States from allowable exemptions [3] , as well as in other countries [4] . While the phaseout in developed countries under the Montreal Protocol has already been completed, the phaseout in developing countries is expected by 2015 [5] . Due to concerns about methyl bromide inhalation exposures to handlers, other agricultural workers, and bystanders because of the chemical's volatility, the latest US EPA reregistration eligibility decision for soil and structural uses of methyl bromide required a number of mitigation measures (e.g., buffer zones around application sites) [1] . As an EPA Toxicity Class I chemical, methyl bromide is considered highly toxic to humans. Consequences of exposure can include acute toxicity to the nervous system and lungs, which can lead to organ system failure and death, and residual defects, such as persistent neurological effects [2] . However, the carcinogenicity of methyl bromide has been little studied in humans. While the National Institute for Occupational Safety and Health (NIOSH) lists methyl bromide as a potential occupational carcinogen [6] , IARC ranks its carcinogenicity as unknown (group 3) [7] .
There is evidence for a carcinogenic potential of methyl bromide based on its known genotoxic activity. Methyl bromide has been shown to induce DNA adducts (3-methyl-adenine, 7-methyl-guanine, and O 6 -methyl-guanine) in the liver, lung, stomach, and forestomach of exposed rats [8] by donating methyl groups that bind covalently to DNA bases. In addition, methyl bromide exposure has been associated with increased mutations and sister chromatid exchanges in vitro and increased micronuclei formation in the bone marrow and peripheral blood cells of exposed rodents [7] . In humans, a small crosssectional study of methyl bromide fumigation workers observed borderline significant increases in lymphocyte hypoxanthine-guanine phosphoribosyl transferase gene (hprt) mutations and oropharyngeal cell micronuclei [9] . Some rodent bioassays have observed an increased risk of forestomach carcinomas or adenomas of the pituitary gland with methyl bromide exposure, but studies have been inconsistent, and IARC has concluded that the evidence in experimental animals for the carcinogenicity of methyl bromide is limited [7] . The few epidemiologic studies of methyl bromide and cancer outcomes suggest possible associations with prostate, stomach, and testicular cancers [10] [11] [12] [13] [14] . A prostate cancer case-control study in the US Agricultural Health Study (AHS), a prospective cohort of pesticide applicators in Iowa and North Carolina, detected an increased prostate cancer risk associated with methyl bromide use based on cancer follow-up through 1999 [odds ratio (OR) for the highest exposure category compared with the non-exposed group = 3.47; 95 % confidence interval (CI), 1.37-8.76; p trend = 0.008] [10] . In addition, two prostate cancer case-control studies in California suggested an increased risk associated with occupational exposure (OR for the highest compared with the lowest exposure group = 1.59; 95 % CI, 0.77-3.30) [11] or ambient exposure (OR for any exposure compared with no exposure = 1.62; 95 % CI, 1.02-2.59) [12] . A case-control study of stomach cancer in California observed an increased risk associated with the highest tertile of occupational exposure using the lowest tertile as the referent group, but not using the non-exposed group as the referent (OR = 2.38; 95 % CI, 1.06-5.37 and OR = 1.33; 95 % CI, 0.67-2.67, respectively) [13] . An earlier cohort study of white male workers with potential exposure to organic brominated compounds, including methyl bromide, at three chemical manufacturing plants and a research establishment in the United States suggested an excess of testicular cancer deaths, although based on only two deaths [14] .
In the present analysis, we investigated the relationship between methyl bromide use and risk of a number of cancer sites among pesticide applicators in the AHS. Since a family history of cancer might serve as a proxy for an inherited genetic susceptibility to developing cancer, we also evaluated interactions between methyl bromide use and a family history of cancers where numbers allowed.
Methods

Study population
The AHS cohort has been described in detail elsewhere [15] . Briefly, 57,310 licensed restricted-use pesticide applicators in Iowa and North Carolina and 32,346 of their spouses were enrolled between December 1993 and December 1997. All participants provided informed consent, and the protocol was approved by all appropriate Institutional Review Boards. Participants are linked annually to the Iowa and North Carolina state cancer registries to ascertain cancer diagnoses and to state death registries and the National Death Index to ascertain vital status. Person-years at risk were calculated for each participant starting at the date of cohort enrollment and ending at the date of first incident cancer diagnosis, death, loss to followup, or 31 December 2007, whichever occurred first. Loss to follow-up was largely due to out-migration from Iowa and North Carolina; for these participants, person-years were censored at the date of exit from the state (based on IRS record). We conducted the present analysis among pesticide applicators in the AHS and excluded those with a cancer diagnosis prior to enrollment (except for non-melanoma skin cancers), n = 1,094, those who did not contribute any person-years of follow-up, n = 272, and those missing data needed to characterize methyl bromide exposure, n = 2,356, resulting in a final sample size of 53,588 pesticide applicators. Among these applicators, 7,814 (14.6 %) reported any use of methyl bromide. The median length of follow-up was 12.3 years.
Exposure assessment
Information on lifetime use of 50 pesticides was captured in two self-administered questionnaires (http://aghealth. org/questionnaires.html) completed during cohort enrollment (Phase 1, from 1993 to 1997) and an intervieweradministered follow-up telephone questionnaire (Phase 2, from 1999 to 2005). All 57,310 AHS applicators completed the first enrollment questionnaire, which inquired about ever/never use of the 50 pesticides, as well as duration (years) and frequency (average days/year) of use for a subset of 22 pesticides, including methyl bromide. In addition, 25,291 (44.1 %) of the applicators returned the second (take home) enrollment questionnaire, which inquired about duration and frequency of use for the remaining 28 pesticides.
Of the 57,310 applicators, 36,342 (63.4 %) responded to the Phase 2 computer-assisted telephone interview (CATI), which inquired about crops raised, as well as each pesticide used and its frequency of use in the most recent year of farming (reference year). Frequency of pesticide application in the reference year was used to estimate the pesticide use for the years between the enrollment and the reference year.
We combined Phase 1 and 2 data to compute two cumulative exposure metrics for methyl bromide: lifetime days of application (years 9 days/year applied) and intensity-weighted lifetime days (lifetime days 9 intensity score). The intensity score was derived from an algorithm based on mixing status, application method, equipment repair, and use of personal protective equipment [16] that was recently updated [17] . We also generated lagged variables, which discounted the most recent 15 years of exposure, because recent exposures might not be relevant to diseases expected to have a long latency, such as many cancers. Pesticide data for the present analysis were obtained from AHS data release versions P1REL201005.00 (for Phase 1) and P2REL201007.00 (for Phase 2).
Since there were very few new users of methyl bromide at Phase 2, we minimized the number of applicators with missing Phase 2 values for methyl bromide by assuming that participants who reported no use of methyl bromide prior to enrollment and did not provide Phase 2 information (because of questionnaire non-response or failure to answer specific items about methyl bromide on the questionnaire) never used methyl bromide. In our final sample of 53,588 applicators, only 19 reported no use of methyl bromide prior to enrollment, but then reported use on the Phase 2 questionnaire. This contrasts with the 29,325 applicators who reported no use prior to enrollment and no use in Phase 2. For applicators who reported use of methyl bromide prior to enrollment and did not provide Phase 2 information, we assigned methyl bromide exposure based on the information reported in Phase 1. Figure 1 describes the treatment of missing methyl bromide data in our population, including exclusion of some participants for whom we did not conduct imputation, as well as other exclusions that we made to arrive at our final sample.
We expect that our approach based on the fixed assumptions described above might have resulted in some underestimation of lifetime methyl bromide use (i.e., for participants who did not respond to Phase 2, but continued to use methyl bromide at that time or started using methyl bromide between Phase 1 and Phase 2). Thus, we compared the results using this approach with results derived from a multiple imputation for missing pesticide use in Phase 2 due to questionnaire non-response (any use and days/year applied for each pesticide), which has been previously described [18] . Findings were similar for the two methods, and we do not present the results based on the multiple imputation; however, results based on the multiple imputation for a number of pesticides, including methyl bromide, with prostate cancer risk have been described elsewhere [19] . The similarity in findings was expected given the marked decline in methyl bromide use in the cohort (of the 34,371 Phase 2 responders in our sample, 5,043, or 14.7 %, reported any use, 1,456, or 4.2 %, reported use in the past year at enrollment, and 181, or 0.5 %, reported use at Phase 2), such that a small percentage of Phase 2 non-responders was expected to be using methyl bromide at Phase 2.
Statistical analysis
We used Poisson regression to compute rate ratios (RR) and 95 % confidence intervals (CI) for the associations between methyl bromide use and all cancers combined, as well as the 12 specific cancer sites with at least 15 methyl bromide-exposed cases: prostate, stomach, lymphohematopoietic [which includes non-Hodgkin lymphoma (NHL), leukemia, Hodgkin lymphoma, and multiple myeloma], NHL, leukemia, oral cavity, colon, rectum, lung, bladder, kidney, and melanoma.
We categorized the methyl bromide exposure metrics into tertiles based on the distribution among exposed cancer cases (all cancers combined) and further divided the upper category at the median (cutpoints at the 33rd, 67th, and 83rd percentiles), resulting in a 5-level variable with the non-exposed group as the referent. We also generated 3-level and 4-level categorical exposure variables for use with rarer cancers with the non-exposed group as the referent, based on exposure categories using medians or tertiles as cutpoints. For analysis, we required at least five exposed cancer cases within each exposure category. Thus, we used the five-level variable for all cancers combined, as well as prostate, lymphohematopoietic, colon, rectum, and lung cancers; the four-level variable for NHL, leukemia, bladder cancer, kidney cancer, and melanoma; and the three-level variable for stomach and oral cavity cancers. For testing linear trend, we generated continuous score variables using the median value for each category. We observed similar results for the intensity-weighted and unweighted exposure metrics and present only the former.
For a subgroup of cancers where numbers allowed (prostate, lung, colon, and lymphohematopoietic), we evaluated interactions between methyl bromide use and a first-degree family history of the specific cancer using likelihood ratio tests (LRT) comparing nested models with and without the interaction terms. All analyses were conducted using SAS, version 9.1 (SAS Institute, Cary, NC).
We adjusted all models for the following covariates using Phase 1 information (including a category for missing if applicable): attained age (less than 50, 50-59, 60 or older), gender, race (white, non-white, missing), state of residence (Iowa, North Carolina), applicator type (private, commercial), enrollment year (1993-1997), cigarette smoking status (never, former, current, missing), alcohol consumption in the past 12 months at enrollment (yes, no, missing), education (high school or less, high school graduate or GED, more than high school, missing), and family history of cancer (yes, no, missing), using family history of the specific type of cancer where available: for prostate, stomach, lymphohematopoietic (based on family history of leukemia or lymphoma), leukemia, NHL, colon, lung, and melanoma. When a family history of the specific cancer was not available, we adjusted for a family history of any cancer. We selected these covariates for adjustment because they were thought to be associated with cancer risk based on the literature. Additionally, we adjusted models for ever/never use (using Phase 1 and 2 information) of the five pesticides that were most highly correlated with intensity-weighted days of methyl bromide use (Spearman rho: 0.35-0.60): metalaxyl, ethylene dibromide, carbaryl, aldicarb, and maneb/mancozeb. Table 1 presents the distribution of person-years of follow-up for various demographic, lifestyle, and occupational factors by cumulative methyl bromide use (none, low, and high, with low and high defined based on the median intensity-weighted lifetime days). The distribution of person-years significantly varied by methyl bromide use for all of these factors (data not shown); however, some of the differences were small and likely achieved significance because of the large sample size and relatively long follow-up in our study. Methyl bromide was used more frequently by participants in North Carolina. In addition, participants with higher methyl bromide use tended to be older and to have enrolled earlier, and were more frequently private applicators, former/current smokers, nondrinkers, and applicators of the five most correlated pesticides with methyl bromide when compared with participants with lower methyl bromide use (Table 1) .
Results
With follow-up through 2007 and with 280 exposed cases, there was no suggestion of increasing risk of prostate cancer with increasing methyl bromide use (p trend = 0.90) ( Table 2 ). This contrasts with a previous analysis of prostate cancer in the AHS with follow-up through 1999, which observed a significant trend based on 67 exposed cases [10] . We observed a significant monotonic increase in the risk of stomach cancer with increasing methyl bromide use based on 15 exposed cases (RR = 1.42; 95 % CI, 0.51-3.95 and RR = 3.13; 95 % CI, 1.25-7.80 for low and high use compared with no use, respectively; p trend = 0.02). No other cancer sites displayed a significant monotonic pattern with increasing methyl bromide use ( Table 2) .
We observed similar patterns for all sites using exposure metrics that encompassed a 15-year lag (Table 2 ). In addition, the results were similar for North Carolina residents only (Iowa could not be examined separately due to small numbers of exposed cases), Phase 1 exposure data only, and participants who completed both Phase 1 and 2 questionnaires (data not shown).
Because a previous AHS analysis observed an association for methyl bromide and prostate cancer [10] , whereas we did not with additional follow-up, we computed RRs for prostate cancer within categories of calendar year of follow-up. Although we did not observe significant variation in the RRs by calendar time (LRT p value for interaction = 0.81; data not shown), we observed a nonsignificant elevated risk of prostate cancer for the highest exposure category (18 exposed prostate cancer cases) compared with the non-exposed group with follow-up from 1993 to 1998 (RR = 1.52; 95 % CI, 0.90-2.59) that diminished over time. Figure 2 illustrates this pattern based on the negative slope for the fitted trend over time on a log-linear scale. When we compared the characteristics of the prostate cancer cases diagnosed between 1993 and 1998 with the later diagnosed cases (1999-
We also examined the associations between methyl bromide and other cancer sites by calendar time of follow-up to assess whether these associations were increased earlier in follow-up as for prostate cancer, although numbers of exposed cases became very small for most of the sites and further constrained the number of exposure categories we could examine (data not shown). We did not observe a significant monotonic pattern for any cancer site with follow-up from 1993 to 1998; however, for some sites we were limited to evaluate ever/never methyl bromide use and therefore could not assess the pattern in risk with increasing use.
We observed a borderline significant interaction between any methyl bromide use and a family history of prostate cancer, but not for a family history of the other cancers examined (p interact = 0.05, 0.44, 0.19, and 0.67 for prostate, lung, colon, and lymphohematopoietic cancers, respectively) ( Table 3) . Our findings suggested an increase in prostate cancer risk among participants with a family history (RR for any use compared with no use = 1.46; 95 % CI, 0.97-2.20), in contrast to no association among participants without a family history (RR = 0.91; 95 % CI, 0.75-1.10). However, when we evaluated more categories of methyl bromide use, we did not observe a significant interaction (p interact = 0.19) or an exposure-response relationship among those with a family history ( Table 3 ).
Discussion
Our analysis of associations between methyl bromide use and risk of all cancers combined and 12 specific cancer sites among pesticide applicators in the AHS with followup from 1993 through 2007 found no significant monotonic associations, except for stomach cancer, which was based on 15 exposed cases. We did not observe an association between methyl bromide and prostate cancer over the full follow-up period. However, we observed an increased risk Cancer Causes Control (2012) 23:807-818 811 of prostate cancer associated with high methyl bromide use in an early period of follow-up (1993-1998), consistent with a previous report in the AHS, that diminished over time. Our findings provided some evidence of an increase in prostate cancer risk with methyl bromide use among participants with a family history of prostate cancer in contrast to no association among those without a family history, but the interaction did not achieve statistical significance and there was no exposure-response relationship among those with a family history. We did not observe evidence of an interaction between methyl bromide and a family history of lung, colon, or lymphohematopoietic cancers. Although our finding of an association between methyl bromide and stomach cancer may be due to chance, our finding is consistent with a California case-control study of stomach cancer, which observed a more than twofold increase in risk associated with the highest compared with the lowest tertile of exposure [13] . In addition, there is some biological plausibility for an association with stomach cancer. DNA adducts have been isolated from the stomach and forestomach of rats with oral or inhalation exposure to methyl bromide [8] , and other studies in rats have observed an increased formation of hyperplastic and neoplastic lesions in the forestomach with oral exposure to methyl bromide by gavage [20, 21] . However, regression of the lesions following cessation of exposure raised uncertainty about the malignant nature of the lesions [21] , and the relevance of rodent forestomach carcinogenesis to human cancer risk has also been questioned [22] . In addition, other studies in rats, using different routes of exposure, observed no evidence of methyl bromide carcinogenicity [23, 24] .
Similar to a previous analysis of prostate cancer in the AHS with follow-up through 1999, which used different cutpoints for categorizing methyl bromide [10] , our findings suggested an increase in prostate cancer risk associated with methyl bromide for an early period of follow-up (1993-1998). Our results are consistent with findings from a nested case-control study among Hispanic farmworkers in California [11] , which followed participants through 1999. However, a population-based case-control study of prostate cancer in California [12] , which estimated compared with the AHS study region could potentially explain why the California case-control study based on diagnoses from 2005 to 2006 observed an association with prostate cancer, whereas we did not for recent years. In the AHS, most participants had already stopped using methyl bromide by the time of study enrollment (1993-1997), although information on specific time of cessation was not available. It is possible that the early association between methyl bromide and prostate cancer in our study was real and became diluted with continued follow-up because of the increasing time since the occurrence of exposure. We also found that the AHS prostate cancer cases diagnosed later in follow-up (1999-2007) had lower cumulative methyl bromide use compared with those diagnosed earlier (1993) (1994) (1995) (1996) (1997) (1998) . Thus, adding the later diagnosed cases would tend to weaken any methyl bromide association. However, it is equally possible that the early association in our study was due to chance. A previous study among methyl bromide fumigation workers observed increased hypoxanthine-guanine phosphoribosyl transferase gene (hprt) mutations in lymphocytes and increased micronuclei formation in oropharyngeal cells [9] , which suggested a carcinogenic potential of methyl bromide with respect to hematopoietic and oropharyngeal cells. In the present study, we were unable to examine oropharyngeal cancers alone because of small numbers; however, we found little evidence of increased risk for a group of cancers in the oral cavity region, which included oropharyngeal cancers. Our findings also provided little evidence of an association between methyl bromide and lymphohematopoietic cancers. Although we observed a significant elevation in the risk of lymphohematopoietic cancers combined, as well as NHL specifically, associated with exposure in the lowest tertile (compared with the nonexposed group), the risk did not continue to increase with increasing exposure. In addition, the elevated risk did not persist when we evaluated any compared with no methyl bromide use (data not shown).
Despite the large overall sample size, infrequent use of methyl bromide resulted in relatively small numbers of exposed cases for most of the cancers and therefore limited power to detect associations (particularly for rarer cancers). Additionally, small numbers precluded our ability to evaluate some cancers, including testicular cancer, which was of interest based on findings from a cohort of potentially exposed workers [14] . We also expect some exposure misclassification in our study [26] , as with any study using self-reported information; however, the prospective design reduced the potential for recall or reporting bias to influence our results, and self-reported pesticide information in the AHS has been demonstrated to be reliable and consistent with the dates of introduction to the market [27, 28] .
Our study had several strengths. The participation rate was high, with about 82 % of the target applicator population enrolled, and there has been minimal loss to cancer follow-up (2.2 % as of January 2012) in the cohort. As a cohort study, we were able to assess pesticide use prior to disease occurrence, as well as to assess exposures over time, although use of methyl bromide tended to decline over time. We focused our analyses on the intensity-weighted exposure metric, which incorporates an intensity score that has shown moderate correlation with biomarkers of pesticide exposure in post-application urine samples; however, methyl bromide has not been specifically evaluated [29] .
In summary, in this population of primarily white male private applicators in the AHS with follow-up from 1993 through 2007, we observed little evidence of associations between methyl bromide and most cancers examined; however, there were small numbers of exposed cases for many sites. Our finding of a significant monotonic increase in stomach cancer risk with increasing methyl bromide use is supported by a previous report of increased stomach cancer risk associated with methyl bromide in a California case-control study, as well as some experimental animal findings. This association warrants re-evaluation in the AHS with longer follow-up, as well as examination in other epidemiologic studies. Although we previously observed an association with prostate cancer in the AHS (follow-up through 1999), the association did not persist with longer Relative risk of methyl bromide (high)
Calendar year of follow-up Fig. 2 Effect modification of the association between high methyl bromide use (upper half of tertile 3 of intensity-weighted lifetime days compared with no methyl bromide use) and prostate cancer risk by calendar time of follow-up among male pesticide applicators in the Agricultural Health Study, adjusted for age, race, state of residence, applicator type, enrollment year, cigarette smoking status, alcohol consumption, education, family history of prostate cancer, and ever/ never categorizations of the five pesticides most highly correlated with methyl bromide: metalaxyl, ethylene dibromide, carbaryl, aldicarb, and maneb/mancozeb. Generated using Origin software (OriginLab Corporation, Northampton, MA)
follow-up. We observed a nonsignificant elevated risk of prostate cancer with methyl bromide use among those with a family history of prostate cancer, but the interaction with a family history did not achieve statistical significance. It is unclear whether the early finding with prostate cancer in the AHS was due to chance or whether the finding was real and potentially attenuated with continued follow-up due to diminishing methyl bromide use over time. With the declining use of methyl bromide worldwide, there are limited opportunities for further study; however, there is some potential for future work in developing countries because of the delayed phaseout in these countries, as well as areas in developed countries (e.g., California) where methyl bromide is still in use.
